The intraseasonal variability over Africa during northern summer was analyzed, using 25 years of NCEP-NCAR reanalysis and satellite data. The dominant pattern of variability was one of enhanced deep convection over the whole African monsoon region. It appeared to arise at least partly as a remote response to the intraseasonal (Madden-Julian) oscillation over the warm pool sector. Twenty days prior to the maximum in convection over Africa, there was no signal over Africa but convection was reduced over the equatorial warm pool. An equatorial Kelvin wave response to this change in warm pool convection propagated eastward and an equatorial Rossby wave response propagated westward and between them they completed a circuit of the equator and met up 20 days later over Africa, where the negative midtropospheric temperature anomalies in the Kelvin and Rossby waves favored deep convection. Over West Africa, the Kelvin wave component contained lower-tropospheric westerly anomalies that acted to increase the boundary layer monsoon flow and moisture supply. The westerly anomalies also increased the cyclonic shear on the equatorward flank of the African easterly jet, leading to enhanced African easterly wave and transient convective activity, which then contributed to the enhanced convection over Africa on the longer intraseasonal time scale. The implications of this intraseasonal mode for predictability over Africa are discussed.
Introduction
Rainfall over West Africa during the summer monsoon season is largely associated with mesoscale convective systems (MCSs; Le Barbé and Lebel 1997; Redelsperger et al. 2002; Diongue et al. 2002) that are often embedded in the northerly flow ahead of the trough in African easterly waves (Burpee 1972; Reed et al. 1977) . The African easterly waves themselves arise partly through barotropic and baroclinic instabilities of the low-level African easterly jet (Burpee 1972; Thorncroft and Hoskins 1994a,b; Thorncroft 1995) , and appear to fall into two distinct frequency bands with periods from 3 to 5 days and 6 to 9 days (Diedhiou et al. 1999) . In turn, the existence and strength of the African easterly jet depends on the poleward surface temperature and soil moisture gradients and surface fluxes of heat and moisture together with the shallow dry convection over the Sahara and the deep moist convection farther south (Thorncroft and Blackburn 1999; Cook 1999) .
West African rainfall is highly variable on interannual and decadal time scales and is highly correlated with global sea surface temperature (SST) variability, with dry conditions over the Sahel and wet conditions over Guinea being associated with positive El Niño-Southern Oscillation (ENSO) SST anomalies over the eastern tropical Pacific, positive SST anomalies over the Southern Hemisphere Atlantic, negative anomalies over the Northern Hemisphere Atlantic (the Atlantic dipole), and positive SST anomalies in the tropical Indian Ocean (Folland et al. 1986; Janicot et al. 1998; . These SST anomalies induce changes in the deep convective regions and an anomalous equatorial wave response that leads to large-scale atmospheric circulation and rainfall changes over the West African region (Rowell et al. 1995; Janicot et al. 1998) . The response to ENSO SST anomalies over the eastern tropical Pacific comprises a direct response through changes to the global atmospheric circulation and an indirect response through modification of Atlantic SST anomalies, which then cause further changes in the large-scale circulation ) with enhanced trade winds over the Atlantic region and weaker monsoonal flow over West Africa leading to dry conditions over the Sahel. However, the link between ENSO and Sahel rainfall has changed over the decades, indicating that decadal SST modes also play a role . SST variability appears to be the primary cause of interannual variability in Sahel rainfall, but changes in soil moisture gradients are also important (Rowell et al. 1995) although the two are related (Cook 1999) . SST variability over the Mediterranean Sea can also influence Sahel rainfall, with positive Mediterranean SST and evaporation anomalies leading to an increase in the southward VOLUME 17 J O U R N A L O F C L I M A T E moisture advection over the Sahara and increased rainfall over the Sahel . The anomalies in the large-scale circulation also change the vertical wind shear and the strength, position, and instability of the African easterly jet, which in turn leads to changes in interannual African easterly wave activity and Sahel rainfall (Thorncroft and Rowell 1998) .
There is also substantial intraseasonal variability over West Africa, although this appears to be independent of SST variability (Rowell et al. 1995) , at least on the month to month time scale. Wavelet analysis of Sahel rainfall revealed two statistically significant spectral peaks, centered on periods of 15 and 40 days (Janicot and Sultan 2001) . The 15-day mode was clearly separated from the higher frequency African easterly waves, and the enhanced rainfall was located within the lowlevel trough of a westward-propagating atmospheric wave with a larger horizontal scale than the African easterly waves (Janicot and Sultan 2001; Kiladis and Weickmann 1997) . The start of the West African monsoon was also linked with intraseasonal variability; the onset of rainfall was abrupt and synchronous over the whole region (Le Barbé et al. 2002) and was associated with a westward-traveling monsoon depression with a period of 15-40 days (Sultan and Janicot 2000; Grodsky and Carton 2001) . There are also intraseasonal teleconnections between West and East Africa; intraseasonal low-level westerly anomalies advect moisture from the West African monsoon region leading to an increase in rainfall over western Kenya and a decrease over eastern Kenya (Camberlin 1996) .
On a global scale, the dominant mode of intraseasonal variability is the Madden-Julian oscillation (MJO; Madden and Julian 1994) . This is characterized by eastwardpropagating convective and SST anomalies over the warm pool sector and associated global circulation anomalies, with one complete cycle lasting between approximately 30 and 60 days (e.g., Knutson and Weickmann 1987; Rui and Wang 1990; Hendon and Salby 1994; Matthews 2000) . During northern summer, the MJO interacts strongly with the Asian monsoon. In addition to the eastward propagation, the convective anomalies propagate northward from the equatorial Indian Ocean to the Tibetan foothills (Yasunari 1981) and are associated with northward-propagating circulation anomalies and active-break cycles in the monsoon (Krishnamurti and Subrahmanyam 1982) .
The mechanisms behind the eastward and northward propagation of the MJO convective anomalies are still open to debate. The eastward propagation may be due to complex interactions between equatorial Rossby and Kelvin waves forced by the anomalous convection with the intraseasonal SST anomalies that are generated by the anomalous latent heat flux and surface solar radiative flux anomalies associated with convectively coupled equatorial waves (e.g., Flatau et al. 1997; Woolnough et al. 2000; Shinoda and Hendon 2001; Inness and Slingo 2003) . Anomalous moisture convergence due to the boundary layer frictional convergence in the atmospheric Kelvin wave may also favor the eastward propagation of the convective anomalies (Hendon and Salby 1994) . The Kelvin wave component propagates eastward and completes a circuit of the equator in 30-60 days, and may initiate the next MJO event (Matthews 2000) .
The northward propagation of the convective anomalies may be due to air-sea interactions within the equatorial Rossby wave component of the MJO. Surface frictional convergence into the off-equatorial low pressure center of the equatorial Rossby wave may lead to the initial poleward migration of the anomalous band of convection along the equator (Kemball-Cooke and Wang 2001; Lawrence and Webster 2002). Positive SST anomalies are then generated ahead of the enhanced convection and may then favor its continued northward propagation (Sengupta et al. 2001) . Therefore, the intraseasonal variability of the Asian monsoon system appears to be controlled by ocean-atmosphere processes; land-surface interactions do not appear to be important (Ferranti et al. 1999) . The spatial patterns of the intraseasonal modes of variability are very similar to those for interannual variability (Sperber et al. 2000) . However, the magnitude of intraseasonal activity of the Asian monsoon is not correlated with ENSO or any other interannual SST variability (Lawrence and Webster 2001) .
On a larger scale, the effect of the MJO and intraseasonal variability of the Asian monsoon on Africa is not clear. Knutson et al. (1986) and Murakami et al. (1986) both documented eastward-and northward-propagating satellite-measured outgoing longwave radiation (OLR; a proxy for deep tropical convection) anomalies over the Indian Ocean-western Pacific sector with time periods in the 30-60-day range, but found no signal over Africa. However, Knutson and Weickmann (1987) and Annamalai and Slingo (2001) did find a weak convective signal over Africa in their northern summer MJO life cycles such that enhanced convection over Africa coincided with enhanced convection over the equatorial Indian Ocean. This paper examines further the intraseasonal variability of the African northern summer monsoon in a global context with an emphasis on the mechanisms behind the variability. The data and methodology are described in section 2, and the relevant aspects of the mean climate of the monsoon are shown in section 3. In section 4 the local modes of intraseasonal variability over Africa are determined and these are put in a global context in section 5. Finally, conclusions are presented in section 6.
Data and methodology
OLR satellite data were used as a proxy for deep tropical convection. The OLR was obtained as daily mean data interpolated onto 2.5Њ ϫ 2.5Њ gridded maps (Liebmann and Smith 1996) ronmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis wind and geopotential height data (Kalnay et al. 1996) and Microwave Sounding Unit (MSU) temperature data (Spencer et al. 1990) were also obtained at the same time and spatial resolution, and the Reynolds SST data (Reynolds and Smith 1994) were used from 1982 to 1999. Previous studies have found the NCEP-NCAR reanalysis does capture variability over West Africa, in particular African easterly waves (Diedhiou et al. 1999 (Diedhiou et al. , 2001 ) and interannual variability of the West African monsoon , and also intraseasonal variability of the Asian monsoon (Annamalai et al. 1999) . The data were analyzed for the July-September (JAS) West African summer monsoon season, 25 summers in total. To isolate the intraseasonal variability, the seasonal cycle (first 12 annual harmonics) was removed and the data were passed through a 241-weight 20-200-day bandpass Lanczos filter (Duchon 1979) , identical to that used in Matthews (2000) . This filter has a much broader bandpass than the typically 30-70-day variability associated with the MJO. Empirical orthogonal function (EOF) analysis was used to determine the main modes of variability. Lagged regression maps of other variables were then constructed using the principal component (PC) time series as the dependent variable. The EOF and regression analyses as applied here are described in more detail in Matthews (2000) . The analysis was repeated with an even broader 10-200-day filter and the results were very similar.
Climatology of the African summer monsoon
Some aspects of the mean climate over the African region are discussed here so that the anomalies shown later can be put into context. The southeasterly lowertropospheric trade winds in the tropical South Atlantic cross the equator and are deflected to the right by the changing Coriolis force to become the southwesterly monsoon flow over Africa between approximately 5Њ and 15ЊN (Fig. 1a) . These southwesterly winds also form the equatorward part of a cyclonic circulation around the Saharan heat low. These monsoon winds advect moisture from the Atlantic, which feeds the deep moist convection in this region, indicated by the mean OLR values below 210 W m Ϫ2 (shaded area in Fig. 1a ). This region of active convection is enclosed by a rectangular domain between 10ЊS and 20ЊN, 40ЊW and 40ЊE, shown by the heavy box in Fig. 1a . This is the domain on which the EOF analysis is performed in section 4. The southerly cross-equatorial flow over the western Indian Ocean that supplies the moisture to the Asian monsoon is outside this domain.
The mean flow over the region is dominated by various zonal jets (Fig. 1b) . The westerly subtropical jets peak at the 200-hPa level in both hemispheres, the Southern Hemisphere jet being the stronger at this time of year. In the Tropics, the mean flow has a westerly component near the surface between 5ЊN and 15ЊN, corresponding to the southwesterly monsoon flow described above in Fig. 1a . Above the 850-hPa level, the mean flow is easterly and shows two peaks, in the African easterly jet at 600 hPa and the tropical easterly jet at 200 hPa, denoted by AEJ and TEJ in Fig. 1b , respectively.
The African easterly jet is barotropically and baroclinically unstable, and easterly waves grow on the jet (e.g., Thorncroft and Hoskins 1994a,b) . These have a strong meridional wind component and tend to have maximum amplitude at approximately the 700-hPa level (Reed et al. 1977) . The average period of the easterly waves is approximately 5 days; hence a useful diag- nostic for the amplitude of the easterly waves is the standard deviation of the high-frequency 700-hPa wind (Fig. 1c) . The high-frequency winds are obtained by passing the total wind time series at each grid point through a 241-weight high-pass Lanczos filter with a cutoff frequency corresponding to a period of 20 days. The maximum amplitude is found in the subtropics and extratropics of both hemispheres, corresponding to the baroclinic waves in the storm tracks, but there is a secondary maximum along 15ЊN over west Africa and the Atlantic, corresponding to the easterly waves.
Intraseasonal variability over Africa
To determine the modes of intraseasonal variability of deep convection over tropical Africa, an EOF analysis of intraseasonal OLR anomalies was performed over the domain shown by the box in Fig. 1a . The 20-200-day bandpass filter is much wider than the 30-70-day variability associated with the MJO, and the main regions of MJO convection are over the warm pool sector, which is outside the domain used here. Here, the EOF analysis should truly pick out the dominant modes of African intraseasonal variability, and not be a priori biased toward MJO variability.
The leading eigenvector from the EOF analysis accounted for 15.8% of the variance and was well separated from the second eigenvector, which accounted for 8.4% of the variance. In turn, the second eigenvector was well separated from the third, which together with the remaining eigenvectors were degenerate and could not be separated from sampling noise according to the criteria of North et al. (1982) . The spatial structures (EOFs) were then dimensionalized by multiplying by the square root of their respective eigenvalue. Given the broadness of the 20-200-day filter, these leading EOFs account for a large fraction of the variance. For comparison, the MJO is accepted as the dominant mode of intraseasonal variability in the Tropics, yet an EOF analysis of 20-200-day filtered OLR over the whole tropical band had the first two EOFs (which described the MJO) as only accounting for 6.6% and 5.4% of the variance, respectively (Matthews 2000) . When the analysis was carried out on a narrower 30-70-day bandpass filtered dataset, the leading EOFs accounted for much more variance.
The dominant mode of intraseasonal convective variability over Africa is an enhancement of the mean convection, as the negative OLR anomalies in EOF 1 (Fig.  2a) have a similar pattern to the region of low mean OLR (Fig. 1a) , with maximum convective anomalies in a zonal band along 10Њ-15ЊN and a southeastward-oriented band over central Africa. The principal component (PC) time series gives the amplitude of this spatial pattern on any given day and is shown for just one season, JAS 2000, in Fig. 2c . During the latter half of July 2000, the mode was in its positive phase with enhanced convection over tropical Africa. One month later, in late August 2000, the mode was in its negative phase with reduced convection. This period coincided with the JET2000 field experiment (Thorncroft et al. 2003 ) from 25 to 30 August 2000, during which the detailed structure of African easterly waves was observed. Unfortunately, easterly wave activity and rainfall were strongly suppressed during JET2000, which may be due to the suppressed phase of the intraseasonal mode during that period. This will be discussed further in section 5.
The second eigenvector describes a dipole pattern of convective activity (Fig. 2b) . In its positive phase there is enhanced convection (negative OLR anomalies) over West Africa and the Atlantic, and reduced convection over East Africa. The PC 2 time series for JAS 2000 (dotted line in Fig. 2c ) shows no obvious relationship with PC 1. When all 25 summers were analyzed, PC 1 and PC 2 were significantly lag-correlated at the 95% level. The critical correlation coefficient at the 95% level r 95 was calculated according to Livezey and Chen (1983) . There were 2300 data samples and the decorrelation time scale was 10.4 days; hence there were 221 degrees of freedom and r 95 ϭ 0.113. The peak correlation coefficient is r ϭ Ϫ0.288 at a lag of 10 days. This implies that PC 2 is a minimum, with enhanced convection over East Africa and reduced convection over West Africa, 10 days before PC 1 peaks, with enhanced convection over most of the domain, peaking over central Africa. This scenario is one of westward propagation of an enhanced convective anomaly over Africa. However, as only 8% of the variance (r 2 ) in PC 2 can be accounted for by PC 1, this relationship is extremely weak and EOF 2 will not be discussed further.
Global structure a. Global convective anomalies
The development of deep convective anomalies over the entire tropical belt during the ''life cycle'' of an African intraseasonal oscillation can be described by a sequence of lagged regression maps of OLR, lagged with respect to PC 1. Local statistical significance at each grid point was determined by comparing the value of the correlation coefficient r between the OLR time series at that grid point with the PC 1 time series. If | r | Ͼ r 95 , the regression map was deemed significant at that grid point.
On day 0 (Fig. 3c) , which corresponds to the time when PC 1 is a maximum, the OLR anomalies over Africa had a very similar pattern to those in EOF 1, with enhanced convection over the whole region of active convection. However, there were also large amplitude convective anomalies elsewhere in the Tropics, particularly over the warm pool region, with a zonal band of enhanced convection along the equator over the Indian Ocean and the western Pacific and a zonal band of reduced convection along 10Њ-15ЊN.
Twenty days prior to the peak in convection over Africa, there were no convective anomalies over Africa but there was a reversal of the convective signal over the warm pool sector, with reduced convection along the equator and enhanced convection to the north (Fig.  3a) . Ten days later (Fig. 3b) , the band of reduced convection had moved northward to 10ЊN and the enhanced convection had disappeared. There was also a region of enhanced convection over the extreme eastern Pacific, off the coast of Central America. This was associated with SST anomalies of up to 0.2ЊC (not shown) and appeared to be the eastern Pacific response to the MJO identified by Maloney and Kiehl (2002) . By day 0 (Fig.  3c) , the enhanced convection over Africa had developed. Over the warm pool sector the band of reduced convection had moved farther northward to 10Њ-15ЊN, and the band of enhanced convection had appeared along the equator. By day 10 (Fig. 3d) , the anomalous African convection had disappeared, and the enhanced convection over the warm pool had moved northward off the equator. This northward propagation of bands of convective anomalies over the warm pool sector can be identified as the tropical intraseasonal oscillation or MJO during northern summer (e.g., Knutson et al. 1986; Annamalai and Slingo 2001) .
Only anomalies significant at the 95% level were shown in the regression maps of Fig. 3 . A qualitative further test of the significance of this mode of variability can be gained from a snapshot of the OLR anomaly field on a day when PC 1 peaks. For example, 17 July 1998 was such a day (Fig. 4b) , and the anomalies clearly correspond to the day 0 regression pattern in Fig. 3c , with enhanced convection over tropical Africa and the equatorial Indian Ocean with a band of reduced convection over the warm pool sector along 10ЊN. Elsewhere, the negative anomaly along 20Њ-30ЊN that was present over the western Pacific on 17 July 1998 does not seem to be part of the average life cycle in Fig. 3c . Ten days previously, on 7 July 1998 (Fig. 4a) , the OLR anomalies correspond to the day Ϫ10 regression pattern ( Fig. 3b) with no significant convective anomalies over Africa and reduced convection over the equatorial warm pool and a band of enhanced convection to the north.
b. Equatorial Kelvin wave
The appearance of the warm pool sector convective anomalies 20 days before the enhanced convection over Africa in Fig. 3 suggests that the African convection may arise as a forced response to the warm pool convection and associated latent heat release, possibly via an equatorial wave mechanism. The anomalies shown here can be superimposed onto a mean state, which includes mean convection and latent heat release over the western Pacific, that is in equilibrium with the mean pressure and wind fields. Part of this equilibrium will involve an equatorial Kelvin wave response to the east of the mean convection.
On day Ϫ20 there was a weak negative convective anomaly over the western Pacific (Fig. 3a) . This would be associated with a negative latent heating anomaly (a cooling anomaly) or equivalently a reduction in the total heating. The dynamical response to such an anomaly would be an anomalous equatorial Kelvin wave response to the east, of opposite sign to that of the mean flow. The near-surface 925-hPa geopotential height and wind anomalies did show such a weak Kelvin wave signal on day Ϫ20 (Fig. 5a) . A positive geopotential height or high pressure anomaly was collocated with the reduced convection over the equatorial western Pacific and extended eastward along the equator into the central Pacific as a Kelvin wave (cf. Bantzer and Wallace 1996; Milliff and Madden 1996; Matthews 2000) . Consistent with the Kelvin wave pressure signal, there were westerly anomalies over the central Pacific, though these were a maximum along 10ЊN rather than at the equator.
By day Ϫ10 the negative convective anomaly over the warm pool had strengthened (Fig. 3b) , and its Kelvin wave response had strengthened and propagated farther eastward with larger positive 925-hPa geopotential height and zonal wind anomalies over the entire equatorial Pacific (Fig. 5b) . The Kelvin wave appeared to have been blocked by the Andes mountain range, as in Matthews (2000) . Part of the surface pressure signal propagated southward on the western side of the Andes and part of it propagated through the gap at Panama between the Andes and the Central American mountain ranges. This part then propagated across the Atlantic as an equatorial Kelvin wave, such that by day 0 there was an equatorial maximum in pressure over the Atlantic with accompanying westerly anomalies (Fig. 5c) .
Positive SST anomalies appeared over the equatorial Atlantic between day Ϫ5 and day 5 (not shown). These are consistent with the anomalous surface westerlies, which would reduce the strength of the mean easterly trade winds and the latent heat flux from the ocean. However, the anomalies were very weak (up to 0.05ЊC) and not statistically significant and do not appear to be an important component of the variability described here.
The Kelvin wave propagation can be seen more clearly in the independent midtropospheric MSU34 (combination of MSU channels 3 and 4) temperature anomalies. On day Ϫ10, there was a large negative temperature anomaly within the region of reduced convection over the warm pool (Fig. 6a ). An equatorial tongue of negative temperature anomalies extended to the east as a Kelvin wave over the Pacific and Atlantic, with slight southward propagation along the Andes also evident. An equatorial Rossby wave structure could also be seen with off-equatorial minima extending westward from the negative convective anomaly over the Indian Ocean into East Africa. This equatorial Rossby wave response could also be seen as two off-equatorial high pressure and anticyclonic wind anomalies in the lower troposphere (Fig. 5b) . By day 0 the eastward-propagating Kelvin wave and the slower westward-propagating Rossby wave had between them completed a circuit of the equator such that they met over Africa (Fig. 6b) , and there were negative temperature anomalies around the entire equatorial belt. Correlation maps of MSU34 temperature anomalies at day Ϫ10 and day 0 (not shown) indicate that 25%-35% of the variance of the intraseasonal midtropospheric temperature anomalies associated with African convection can be ascribed to the equatorial waves. This propagation can be clearly seen in a Hovmöller diagram of equatorial (averaged from 10ЊS to 10ЊN) temperature anomalies (Fig. 7) . The peak signal emanated from approximately 140ЊE over the warm pool on day Ϫ5 and propagated eastward (as a Kelvin wave) at an average speed of 33 m s Ϫ1 and westward (as a Rossby wave) at an average speed of 19 m s Ϫ1 , meeting at 5ЊE on day 4. The ratio of Kelvin to Rossby wave speeds is only 1.7, rather than 3 as predicted by linear wave theory (Gill 1980) . However, there are other factors that are not present in the simple linear model, such as the effect of the background mean winds and interaction with convection and orography.
The vertical structure of the equatorial waves along the equator was primarily a first internal mode, consistent with forcing by a midtropospheric heat source from anomalous deep convection. On day Ϫ10, the negative heating anomaly over the warm pool between 80ЊE and the date line led to anomalous descent and adiabatic warming (Fig. 8) , which would partially offset the anomalous diabatic cooling there. The equatorial Kelvin wave response to the east consisted of lower-tropospheric westerly and high pressure anomalies and uppertropospheric easterly and low pressure anomalies with the nodal point at approximately 450 hPa. The anomalous diabatic cooling signal over the warm pool forcing region was spread eastward by the adiabatic cooling associated with the ascent in the Kelvin wave front, which extended from 120Њ to 40ЊW at this time.
The equatorial Rossby wave signal can also be seen in this cross section, with lower-tropospheric easterly and high pressure anomalies extending from the western edge of the diabatic cooling at 90ЊE westward to the Rossby wave front at 40ЊE where there was weak ascent throughout the troposphere. The Rossby wave structure was not evident in the upper troposphere, where nonlinear effects may have masked it. It should also be noted that the Rossby wave signal would be a maximum off the equator at approximately 15Њ latitude.
c. Mechanisms for the enhancement of convection over Africa
The anomalous equatorial Kelvin wave front that propagated eastward from the warm pool region and reached the Atlantic and West Africa by day 0 forced deep anomalous ascent over this region and lowered the temperature in the middle troposphere by adiabatic cooling. This would tend to destabilize the troposphere and favor anomalous deep convection as observed (Fig. 3c) . This process would then contribute to the enhanced upper-tropospheric divergence over West Africa, and the subsequent divergent outflow, which mainly formed an M A T T H E W S FIG. 8. Longitude-pressure cross section of regressed geopotential height Z, zonal wind u, and vertical pressure velocity anomalies along the equator (averaged from 10ЊS to 10ЊN) on day Ϫ10. Geopotential height contour interval is 2 m; values above Ϫ2 m are shaded; the zero contour is bold and negative contours are dotted. Zonal and vertical wind is plotted as a pseudovector, the reference vector corresponds to 1 m s Ϫ1 for u and 3 hPa day Ϫ1 for .
anomalous local Hadley-type circulation into the Southern Hemisphere (Fig. 9a) . Similarly, the equatorial Rossby wave that had propagated westward from the warm pool region and reached eastern and central Africa by day 0 also forced deep anomalous ascent, cooled the midtroposphere, destabilized the atmospheric column, and induced deep convection. The strongest regions of ascent and negative midtropospheric temperature anomalies in the equatorial Rossby wave were centered off the equator, corresponding to the off-equatorial anomalous convective maxima at 10ЊN and 10ЊS over eastern and central Africa (Fig.  3c) .
The Kelvin wave also had boundary layer westerly anomalies over the Atlantic and West Africa (Fig. 5c ). These anomalous winds were of the order of 1 m s Ϫ1 , compared to a climatological mean wind speed of between zero and 5 m s Ϫ1 over the region (Fig. 1a) . These anomalous winds would enhance the advection of moisture by a similar amount into West Africa by the mean monsoon circulation (Fig. 1a) , leading to positive humidity anomalies in the region (Fig. 9b) that would fuel the enhanced convection. Once the convection over Africa was established, it could then force its own dynamical response. The anomalous low-level subtropical cyclone centered at 20ЊN, 30ЊW may be attributable to an equatorial Rossby wave response to the enhanced African convection. The anomalous westerly and southwesterly flow on the equatorward flank of this cyclone would then also act to increase the monsoonal moisture flux, providing a positive feedback between the convection and the circulation. It is difficult to separate cause and effect within an observational analysis; this will be addressed by future modeling studies.
In addition to destabilizing the atmosphere and enhancing the mean moisture supply to West Africa, the arrival of the Kelvin wave changed the basic-state circulation upon which the rain-bearing easterly waves grow. The easterly waves grow through a combination of barotropic and baroclinic instability of the African easterly jet, which peaks at the 600-700-hPa level. On day 0, there was a westerly 700-hPa equatorial anomaly over the Atlantic and West Africa due to the Kelvin wave and an easterly anomaly at 20ЊN (Fig. 9c) . The cyclonic shear of these wind anomalies (Fig. 9d) increased the total cyclonic shear on the equatorward flank of the African easterly jet. The African easterly jet would then be more barotropically unstable and would lead to an increase in easterly wave activity, as shown by the positive anomaly in the variance of the highfrequency (20-day high-pass filtered) 700-hPa meridional wind over West Africa (Fig. 9e) . Consistent with this increase in easterly wave activity, there was also an increase in high-frequency convective activity (variance of 20-day high-pass filtered OLR, Fig. 9f ) over West Africa. This increase in transient convective activity around day 0 and the concomitant decrease in transient convective activity in the opposite phase of the cycle would then rectify onto the longer intraseasonal time scale and contribute to the increase in the slowly varying envelope of convection observed over West Africa on day 0. It is possible that the unusually low level of transient wave and convective activity observed during the JET2000 field experiment (Thorncroft et al. 2003) in late August 2000 was due to these processes, as the intraseasonal mode was in its negative phase during that period (Fig. 2c) . 
Conclusions
The structure of the dominant mode of intraseasonal variability of the African northern summer monsoon has been determined, based on 25 years of NCEP-NCAR reanalysis and satellite data. The mode had the form of enhanced convection over West Africa and enhanced off-equatorial convection in both hemispheres over eastern and central Africa. It appeared to arise at least partly as a remote response to convective anomalies over the warm pool associated with the MJO. Twenty days before the appearance of convective anomalies over Africa, there was a band of reduced convection over the equatorial warm pool. This forced a ''negative'' anomalous equatorial Kelvin and Rossby wave response that propagated eastward and westward, respectively. Eventually the two waves completed a circuit of the globe and met up 20 days later over Africa. The wave fronts had anomalous deep ascent and negative midtropospheric temperature anomalies associated with them and acted to destabilize the troposphere and trigger anomalous deep convection over Africa (Fig. 10) . The maximum ascent, midtropospheric cooling, and convection due to the equatorial Rossby wave was located off the equator in two bands, at 10ЊN and 10ЊS, over central and eastern Africa. The maximum ascent, midtropospheric cooling and convection due to the equatorial Kelvin wave was concentrated along a single line of latitude over West Africa. In addition to this direct forcing of convection over Africa, the equatorial Kelvin wave also acted to (i) increase the surface monsoon flow and moisture supply into West Africa by up to 20% and (ii) increase the cyclonic shear on the equatorward flank of the African easterly jet, which enhanced the barotropic instability of the jet and led to enhanced African easterly wave and transient convective activity (Fig. 10 ). Both of these processes then contributed to the enhanced convection over Africa on the intraseasonal time scale. Quantitative calculations of the effect of increasing the shear of the African easterly jet are being carried out in a further model study.
The ''direct'' equatorial wave forcing of African convection may also operate on the interannual time scale. During El Niño events, the enhanced convection over the central Pacific forces an equatorial Kelvin wave that propagates eastward over South America and the Atlantic to Africa. Anomalous SST gradients between the Indian Ocean and the western Pacific also force deep convection and an equatorial Rossby wave that propagates westward to Africa. The subsidence in the wave fronts of both of these waves then leads to suppressed convection and reduced rainfall over the Sahel . However, on these longer time scales, an equilibrium equatorial wave response would be set up, with surface friction and other damping processes being crucial in determining the exact position of the subsidence region. The propagation speed and timing of the wave arrivals would not be so directly important.
The MJO is known to interact with high-frequency transient circulations and convection during northern winter over the eastern Pacific (Matthews and Kiladis 1999 ) and the Indian Ocean-western Pacific sector (Hall et al. 2001) . It would be of interest to see whether the interactions over Africa during summer that are described in this paper also occur during winter. Another aspect of this scale interaction that is not currently known is the relationship between the 30-70-day MJOrelated variability over Africa discussed in this paper and the 15-day variability described by Janicot and Sultan (2001) .
Hurricanes in the Atlantic basin often develop from African easterly waves that have propagated westward across the Atlantic, and there is a strong association between West African monsoon rainfall and intense Atlantic hurricanes on the seasonal time scale (Landsea and Gray 1992) . On interannual time scales, El Niño events are associated with suppressed Atlantic hurricane activity, as the vertical shear is increased over the Atlantic (Goldenberg and Shapiro 1996) , and the changes in Atlantic hurricane activity are highly correlated with changes in African easterly wave activity (Thorncroft and Hodges 2001) . During the positive phase (day 0) of the intraseasonal mode presented here, the vertical shear over the Atlantic was reduced and there was an enhancement in the African easterly wave activity, the VOLUME 17 J O U R N A L O F C L I M A T E hurricane ''source.'' Both of these factors may have contributed to the enhanced Atlantic hurricane activity, which has been observed to occur during this phase of the MJO (Maloney and Hartmann 2000) . Similarly, during northern winter the MJO strongly affects the numbers of tropical cyclones in the Indian Ocean and western Pacific basins (Hall et al. 2001) , although this appeared to be due to changes in low-level vorticity.
Hence, it appears that the MJO, African convection, African easterly wave activity, and Atlantic hurricane activity are bound together in a series of complex scale interactions, and accurate prediction of variability in one component may need accurate prediction of the other components (Meehl et al. 2001) . In particular, the enhancement of African convection and African easterly wave activity on intraseasonal time scales during northern summer was preceded by suppressed MJO convection over the equatorial warm pool 20 days previously. Such a relationship on its own may give useful predictability for Africa with a 20-day lead time, depending on the relative importance of the MJO compared to other factors such as stochastic forcing. If the subsequent development of the MJO could be accurately predicted this could increase the skill of a forecast further. The ability of atmospheric models to simulate and predict the mechanisms and patterns of intraseasonal variability over Africa is not known and is worthy of future study.
However, even the MJO itself is not well simulated in most atmospheric general circulation models (Slingo et al. 1996) . In the case of the NCEP atmospheric forecast model, even when it was initialized with an active MJO, this MJO structure degraded in the resulting forecast and was essentially lost after approximately 7 days Jones et al. 2000) . The reason for this is not clear, but is possibly due to the lack of airsea interaction processes. Hence, coupled ocean-atmosphere models may be necessary to improve the simulation of the MJO (Inness and Slingo 2003) but inclusion of these processes is certainly not a panacea (Hendon 2000) . However, statistical prediction models of the MJO do currently show significant promise with skillful predictions made out to 15-20 days lead time (Waliser et al. 1999; Lo and Hendon 2000; Mo 2001; Wheeler and Weickmann 2001) . Such models could be applied to forecast intraseasonal variability over Africa. Ultimately it is hoped that the dynamically and physically based models will succeed in accurately modeling the MJO, and the simulation of the behavior and mechanisms presented in this paper would be a suitable test for them.
